Abstract-A 0.18-µm 3.3 V grounded-gate NMOS (GGNMOS) I/O cell array for timing controller (TCON) application is proposed for improving electrical overstress (EOS) robustness. The improved cell array consists of 20 GGNMOS, 4 inserted well taps, 2 end-well taps and shallow trench isolation (STI). Technology computer-aided design (TCAD) simulation results show that the inserted well taps and extended drain contact gate spacing (DCGS) is effective in preventing EOS failure, e.g. local burnout. Thermodynamic models for device simulation enable us to obtain lattice temperature distributions inside the cells. The peak value of the maximum lattice temperature in the improved GGNMOS cell array is lower than that in a conventional GGNMOS cell array. The inserted well taps also improve the uniformity of turn-on of GGNMOS cells. EOS test results show the validity of the simulation results on improvement of EOS robustness of the new GGNMOS I/O cell array.
I. INTRODUCTION
Modern integrated circuits should be designed to be robust to EOS/ electrostatic discharge (ESD) [1] [2] [3] [4] [5] for preventing circuit/device failure due to burnout. It has been reported that major failure mechanisms due to EOS/ESD are thermal overload caused by dissipated energy or dielectric breakdown resulting from strong electric field or high voltage stress imposed for a certain amount of time [1] . Fig. 1 shows an SEM picture after EOS test of our conventional 0.18-µm 3.3V GGNMOS cell array fabricated in our company, The GGNMOS cell array is for TCON applications [2] . The burnout area is due to excessive heat generated at the center of the GGNMOS cell array.
TCAD simulation was essentially used for proposing an improved GGNMOS cell array with inserted well taps and extended DCGS, which is robust to the EOS failure. The extended DCGS as well as the inserted well taps are effective in lowering the maximum lattice temperature. The conventional GGNMOS cell array has multiple fingers for reducing the total silicon area, but the GGNMOS cells do not turn on uniformly [3] . TCAD simulation results show that the inserted well tap can improve the uniformity of turn-on of the GGNMOS cells.
Transmission line pulsing (TLP) measurement is used for observing electrical characteristics of semiconductor devices under ESD stress, but long pulse-transmission line pulsing (LP-TLP) measurement needs to be used for characterizing integrated circuits to remove ambiguous I-V characteristics of TLP [1, 4] . LP-TLP was used for obtaining experimental EOS failure test and TCAD simulation results in this paper.
Section II describes cross-sectional view of conventional GGNMOS I/O cell array, and models for process and device simulations. An improved GGNMOS I/O cell array robust to EOS stress is proposed and compared with the conventional one in Section III. Experimental results on the improved GGNMOS cell array are also presented in Section III. Conclusions are drawn in Section IV.
II. DEVICE STRUCTURE AND TCAD SIMULATION
Cross-sectional View of GGNMOS Cell Array
The cross-sectional view of two adjacent 0.18-µm 3.3- Fig. 2 . The space between the drain contact and the gate poly edge is wider than that on the source side. The GGNMOS cell array has finger-type gates to reduce the chip size.
TCAD Simulation
Layout-based partition of the 100-µm long 20-GGNMOS cell array, the reflection of single GGNMOS cell and the most accurate process models on point defects, dopant activation and diffusion available for process simulation [6, 7] were used for obtaining doping profiles and device structures as shown in Fig. 3 in a reasonable simulation time. To save process simulation time, the entire layout of the GGNMOS cell array is partitioned into 2 p-well tap regions and 20 GGNMOS cells. Fig. 3 (a) shows a part of the entire layout, which consists of the left-side p-well tap region (SIM2D2), the first GGNMOS cell (SIM2D3) and its adjacent GGNMOS cell. The left side p-well tap region and the first GGNMOS are simulated separately as shown in Fig.  3 (b). They along with their identical and reflected ones are put together to form the whole cell array as shown in Fig. 3(c) . This partition and unification technique saves process simulation time of the 100-µm or longer cell array. Models on the thermodynamics, the doping-, fieldand temperature-dependent mobility, the band gap narrowing, the generation-recombination and the avalanche generation were used for device simulation [8] . The lattice temperature inside the cells can be computed non-uniformly, using the thermodynamic models. The maximum lattice temperature is a parameter used for evaluating EOS robustness of simulated cell arrays. 
III. IMPROVED EOS ROBUSTNESS
The long-pulse EOS stress waveform with 50 µsec duration is compared with the short-pulse ESD one with 100 nsec duration in Fig. 4 . Traditional TLP using the short-pulse ESD stress waveform is to characterize single devices [1] , but LP-TLP using the long-pulse EOS stress waveform is to characterize complex integrated circuits [1, 2, 4] . LP-TLP should be used for removing ambiguous I-V characteristics of integrated circuits in TLP measurement. The EOS input voltage pulse has the maximum voltage, V max , as a parameter and 50 µsec duration at V max /2. The single 3.3V GGNMOS of the cell array has been used for ESD protection, and has the DC and TLP I-V characteristics as shown in Figs. 5(a) and (b). The TLP I-V characteristic was obtained after the ESD stress waveform in Fig. 4 Fig. 4  (b) , and the variations of (c) the maximum lattice temperature, (d) the total drain current with time of the conventional GGNMOS cell array responding to the EOS input voltage pulse in Fig. 4 (a) . V G =V S =0 V. GGNMOS cells, the local maximum lattice temperatures, T max , of the center and the edge GGNMOS were checked. The maximum lattice temperature of the center GGNMOS is 22% higher than that of the edge GGNMOS of the conventional cell array in Fig. 6 .
The extended drain contact gate spacing (DCGS) is effective in reducing the maximum lattice temperature of the cell array and the difference between the local maximum lattice temperatures of the GGNMOS cells as shown in Figs. 7 and 8 .
As DCGS is increased, the drain resistance increases and in consequence, the drain junction field intensity of the each GGNMOS decreases. Fig. 9(a) shows a simulated structure of the improved new 0.18-µm 3.3V GGNMOS cell array with 20 GGNMOS, 4 inserted well taps, 2 end-well taps and STI. The inserted well taps are also effective in reducing the peak value of the maximum lattice temperature of the cell array as well as the difference between the local maximum lattice temperatures of GGNMOS cells as shown in Fig. 9(b) and (c). Excessive holes generated by the impact ionization or tunneling can be taken out of the GGNMOS cells efficiently through the inserted taps. Fig. 10 shows that the peak value of the maximum lattice temperature of the improved GGNMOS cell array is lower than that of conventional GGNMOS cell array for each V max value. The EOS test results on the output voltage to failure in Table 1 show that the improved GGNMOS cell array with the extended DCGS and the inserted well taps is robust to the EOS failure.
IV. CONCLUSIONS
A 0.18-µm 3.3V GGNMOS I/O cell array with the extended DCGS and the inserted well taps for TCON application has been proposed for improving EOS robustness, using TCAD simulation. Thermodynamic models for TCAD simulation were essentially used to compute the lattice temperature non-uniformly inside the GGNMOS cells. The improved GGNMOS cell array has a lower peak value of the maximum lattice temperature and smaller difference between the local maximum lattice temperatures in the GGNMOS cells than those of the conventional GGNMOS cell array. The validity of the simulation results on improvement of EOS robustness of the new GGNMOS cell array was verified with EOS failure test results. 
